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Impact of variations in DNA/RNA seguence and

_:_.: structure on gene expression and function

\ « Conformational changes in DNA structure
| « Conformational changes in RNA structure

Propagation of genetic perturbations through the
molecular system

« Propagation of the effect of copy number variations
« Identification of pathways dys-regulated in cancer
 Identification of “causal” genes

mlncovering epsitatic interactions

« Identification of epistatic interactions involved in drug
resistance



—.'-: Conformational changes of DNA structure
\ collaboration with David Levens (NCI) and Rafael Casellas (NIAMS)
Special acknowledgments:

Damian Wojtowicz, Fedor Kouzine, Arito Yamane

Z-DNA melted DNA (SIDD)
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Conformational changes in DNA structure

collaboration with David Levens (NCI) and Rafael Casellas (NIAMS)
Special acknowledgments:
Damian Wojtowicz (TP), Fedor Kouzine (DL), Arito Yamada (RC)

melted DNA (SIDD)
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Detecting Non-B DNA structures in vivo

melted DNA (SIDD)
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\ Detecting Non-B DNA structures in vivo

melted DNA (SIDD)

Detecting unpaired bases:
SSDNA - Seq

Single stranded ssDNA (SIDD site)

DNA fragment P . _
J rpfﬂ% “fh.-ﬂi’ = ST ALY 28

Sequencing of adjacent
DNA fragments {

Mapped reads
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\ Detecting Non-B DNA structures in vivo

A+T rich sequence

(YR'YR) melted DNA (SIDD)
e Detecting unpaired bases:
e e
cruciform \ N Single stranded

DNA fragment

Sequencing of adjacent
DNA fragments

inverted repeats

/ al Mapped reads
G-quadruplex

(G), tracts
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G- quadrjplex/

Specific non-B DNA structures are
accompanied by specific tag distribution

melted DNA (SIDD)
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Il\ Specific non-B DNA structures are
accompanied by specific tag distribution

SIDD-signature

Predicted SIDD sites are *‘%ﬂ-‘lﬂ SIDD J@mﬁ'ﬁ!'“ K WU T
:11'1;3:11&1:{ relative to their -.ﬂ; Tils AP Ui ‘ﬂ}_' ~ 'r--f
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Genomic l}n sition (distance from lnldl_u int of "\IDD sites)




!\\ Specific non-B DNA structures are
accompanied by specific tag distribution

Z-DNA-signhature

Three scenarios
of DINA cutting

i - i -, -
AP AP Z-DNA S4DPULAPT
— €

T T B-Z junctions

Genome position (distance from midpoint of Z-DNA)




—.:' Summary —
\

« Enrichment of ssDNA-seq in predicted non-B-DNA
structures

» Consistency of tag distribution with theoretical
predictions

suggests (abundant) occurrence of non-B DNA

structures in vivo

Questions
 What is their role, mechanism, interaction with other
regulatory elements and Pol Il activity



—.— Conformational changes in mRNA structure
iInduced by SNPs

Special acknowledgments: Raheleh Salari

Motivation:

« S5'UTR mRNA structure has regulatory role

« Impact of mMRNA structural changes in coding
region
o possible impact on splicing
o changes in translation dynamics leading to .
altered folding kinetics of nascent protein chain,

e
and potentially protein misfolding SN\P "




=.= Computational estimation of the impact of a SNP
AN on mRNA structure

| ]

p — assembly structures assumed by wild type:

Minimum free energy

structure
(area of a circle ~
probability of the structure)




=.= Computational estimation of the impact of a SNP
AN on MRNA structure

assembly structures assumed by wild type

assembly of structures assumed by mutant

Need to compare assemblies of structures taking into
account the probability of each structure



_'=.= Measures for comparing

\ of assemblies of structures

p — probability distribution for the assembly of structures assumed by wild type

q — probability distribution of the assembly of structures assumed by the mutant

(a) Relative entropy H(p|a)=D_ P log(Ps q )

. . . . l —Esa/RT —Egp/RT
(b) Boltzmann distribution distance dg(p,0) = > 7 dle ™ —e |
b

a

(c ) Base pair probability distance Qoo (P ) == py + — 2Py G

i<j

Algorithm using the dynamic programming approach

Salari et al., RECOMB 2011 best poster award
Manuscript in preparation
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Disease associated SNPs with significant

changes in 5’ UTR of mRNA structure

CR063412
CR004298
CR021383
CR014434
CR073552
CR011064

CR040301
CR900265
CR025352
CR025435
HR030029
CR061334
CR066669

24.172115
16.017752
15.988396
13.781923
12.521728
11.890619
11.583429
11.047469
10.43122
10.087699
9.462504
8.622743
8.426413

0.999975
0.998877
0.998711
0.999308
0.990199
0.999761

0.99957
0.997338
0.996079
0.998617
0.979854
0.996843
0.996272

0.340256 Myocardial infarction
0.48465 Vitamin C deficiency
0.380948Fragile X mental retardation syndrome
0.294717 Alzheimer disease
0.290129Cornelia de Lange syndrome
0.382966 Hyperferritinaemia-cataract syndrome
0.251678 Panencephalitis, sclerosing
0.252509 Thalassaemia beta
0.452606 Increased triglyceride level
0.22925Malignant melanoma
0.242743 Hyperferritinaemia-cataract syndrome
0.350765Hyperferritinaemia-cataract syndrome
0.295778Incr. HDL-C levels
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Can structural changes in mRNA explain disease
associated silent SNPs ?

Disease associated “silent SNPs” change mRNA structure:

Collaboration with Andy Fung (Michael Gottesman’s group, CCR)

Disease causing silent mutations in MDR1 gene

A Silent Polymorphism in the MDR1 Gene Changes Substrate Specificity —
C. Kimchi-Sarfaty et al. Science 2006

Collaboration with Chava Kimichi-Sarfaty (FDA)

Disease associated silent mutation in F9 - coagulation factor IX gene
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Summary - Efficient computational method to measure effect of
SNPs on mRNA allows us to identify disease associated SNPs
that have impact mRNA structure
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Impact of variations in DNA/RNA sequence
structure on gene function

How genetic variations propagate through the
molecular system?



Copy number variations (CNV)
(gene dosage)

* Implicated in large number of human diseases (cancer, Crohn's disease,
autism)

« 28,025 structural variants identified in 1000 genome study (2,000 changes
affecting full genes or exons)

* Frequent type of somatic mutations in cancer



Impact of gene dosage on gene expression

(Drosophila melanogaster)

collaboration with Brian Oliver group (NIDDK)
Special acknowledgments:
John Malone, DongYeon Cho
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Impact of CNV on gene expression

collaboration with Brian Oliver group (NIDDK)
Special acknowledgments:
John Malone, DongYeon Cho
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A Name <- Telomere Chromosome 2L Centromere -> CDS .
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see legend
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Impact on genes outside the deletions

Fly functional network from Costello et.al GB 2009



Impact on genes outside the deletions

Fly functional network from Costello et.al GB 2009



Genes which show drastic changes due to reduced gene dosage
are much more likely to see expression changes for 1st order
network neighbors
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one copy genes:
@ over compensated
@ fully compensated
© partially compensated
O not compensated
@ anti compensated

not partially fully over




Summary:
Copy number variations impact expression of genes
outside deletion in network-dependent way

Indication of feedback loops acting on deleted genes



Propagation of the effects of CNV
In Glioma

Special acknowledgments:
Yoo-ah Kim

Motivation:

A method for system level analysis of propagation of
such perturbation in the network

Identification pathways dys-regulated in disease

Capturing master regulators (network hubs) involved in
disease

Identification “causal” mutations



Propagation of the effects of CNV
In Glioma

Cancer Cases
Cancer Cases CNV data

Gene expression data
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Gene expression data

Gene 1l
Gene 2
Gene 3

Propagation of the effects of CNV
In Glioma

Cancer Cases

Cancer Cases CNV data
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Integrated
Protein-protein, protein-DNA
phosphorylation network



eQTL analysis : Testing associations between
copy number variations and gene expression

Cancer Cases

Cancer Cases CNV data
Gene expression data ‘
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Too many possible pairs to consider them all !!!



Selecting representative set of target genes

Cancer Cases
Gene expression data
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Cancer Cases

Associations between copy number variations
and gene expression of selected target genes

Cancer Cases

Gene expression data
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Gene expression data
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Gene 3

Genen

Uncovering pathways of information flow between

genetic loci and a target gene

Cancer Cases
Cancer Cases CNV data
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Uncovering pathways of information flow between
CNV and target gene

Cancer Cases
Cancer Cases CNV data

Gene expression data
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Uncovering pathways of information flow between
CNV and target gene

Cancer Cases
Cancer Cases CNV data

Gene expression data
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Uncovering pathways of information flow between
CNV and target gene

Cancer Cases
Cancer Cases CNV data

Gene expression data
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Uncovering pathways of information flow between
CNV and target gene

Cancer Cases
Cancer Cases CNV data

Gene expression data
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Resistance - set to favor most likely path -based on gene expression values
(reversely proportional to the average correlation of the expression of the adjacent genes with
expression of the target gene)



Possible means of information flow between CNV
B and target gene?

Cancer Cases
Cancer Cases CNV data

Gene expression data
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Resistance - set to favor most likely path -based on gene expression values
(reversely proportional to the average correlation of the expression of the adjacent genes with
expression of the target gene)



Selected target genes, causal genes and

POUZF1(12) UBE2I{11) TAL1(1 1,_|
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Examples of genes known to be associated with glioma



Are there common functional pathways?

Cancer Cases
Cancer Cases CNV data

Gene expression data
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cell cycle arrest
epidermal growth factor rece
tive regulation of cell g
Ras protein signal transduction
regulation of sequestering of triglyceride
cell proliferation
nuclear m splicing, via spliceosome
regulation of cholesterol storage
nucleotide-excision repair
RNA elongation from RNA polymerase I promoter

transcription initiation from RNA polymerase II promoter
N-terminal peptidyl-lysine acetylation
phosphoinositide-mediated signaling
positive regulation of lipid storage
positive regulation of specific transcription from RNA
polymerase II promoter
positive regulation of epithelial cell proliferation
-excision repair
gative regulation of hydrolase activity
gland development
positive regulation of MAP kinase activity
regulation of nitric-oxide synthase activity
estrogen receptor signaling pathway
regulation of receptor biosynthetic process
response to organic substance
JAK-STAT cascade
regulation of transforming growth factor-beta2
production
G1/S transition of mitotic cell cycle
SMAD protein nuclear translocation
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~ Advantages of current flow approach

Ability to use expression to guide the flow of information

Efficiently solvable by solving a set of linear equations (Kirchhoff's
EWS)
Caveat: solving a linear system with 20,000 variables thousands
of times (permutation test !) required new methodology

Kim, Przytycki, Wuchty, Przytycka — Phys. Bio. — in print

Extendable to directed edges

The first approach that addresses the question of relation between
CNV and dys-regulated genes/pathways identifying common dys-
regulated pathways and causal genes

Kim, Wuchty, Przytycka — PloS Comp Bio 2011



Uncovering epsitatic interactions




!> Epistatic interactions

epistatic
interaction

Effect of gene g,
depends on gene g,



i
; Epistatic interactions
epistatic Synthetic lethality
Interaction

' 4

Effect of gene g,
depends on gene g,



Epistatic interactions

epistatic

_ ) Synthetic lethality
interaction

J!J!

Effect of gene g,
depends on gene g,



; Uncovering epistatic interactions in
the context of genetic crosses

Parents with different
genetic background

Progenies with different phenotypes

Special acknowledgments:
Yang Huang




: Uncovering epistatic interactions in
the context of genetic crosses

Parental strains a
Strain 0 Resistant
strain 1 d Resistant
Progeny strains

(genotype)

Progeny strains
(phenotype)

B BB B
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Locus Compatibility approach

Parental strains

Strain 0
Strain 1

Progeny strains

(genotype)

l,l

I

L

a Resistant
d Resistant

BB S



Locus Compatibility approach

Parental strains a
Strain 0 Resistant

Strain 1 d Resistant
Progeny strains
(genotype)
| Progeny strains
. (phenotype)
| X
1] ]

Find pair of loci |1~




Parental strains a
Strain 0 Resistant

Locus Compatibility approach

Strain 1 d Resistant
Progeny strains
(genotype)
| Progeny strains
. (phenotype)
| X
1] ]

Find pair of loci |1~
00 —m R

Computational challenge — limiting the number of pairs tested
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S. cerevisiae DNA repair phenotype dataset (Demogines et al, 2008).

Application to yeast DNA repair phenotype

response to 4-NQO treatment

Both parents — resistant

Progenies - 31 sensitive; 53 resistant;



RESULT:

5 candidate interacting pairs of loci
(I12) , (nlg) s (ply) s (nls) s (Iole)

g

Application to yeast DNA repair phenotype

|, locus contains gene Rad5 — involved DSB repair processes

Experimentally confirmed by Trey Ideker and collaborators.



___ Impact of variations in DNA/RNA segquence and

structure on gene expression and function
« Combined experimental and computational evidence for
occurrences of non B-DNA structures in vivo
« Method to measure impact of SNPs of mRNA structure

Propagation of genetic perturbations through the

molecular system
* Method to identify dys-regulated pathways in complex
diseases
 ldentification of causal genes

Eplstatlc Interactions
* A new method to study drug resistance
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Selecting representative set of target genes using
set cover approach

Find smallest set of genes that explain (almost)
all cases such that each case is explained k times

Putative
explanations

Disease Cases



Epistatic model for effects on gene expression

y=b,+b X +bx"+¢&

independent model

Epistatic model y = bO + b1X' —I—bZX” -I-b3X’X” + &

Progeny strains Progeny strains
(genotype) (expression)

BB e
L T || e
EEEEEE <

Huang et al submitted



Non-B DNA sigual

Genomic 1*E-gic::-115

41.9

2.43_/ 2.43

5.14
intragenic 5kb upstream

5kb downstream intergenic

Fi g Genomic distribution of non-B DNA

conformations relative to gene annotations.




* Regulatory regions

two-block: KH3+KH4

Binding motifs for FBP domains KH3+HK4 inferred based on paper by
Benjamin, Chung, Sanford, Kouzine, Liu, Levens, PNAS 2006



| H3K27me3

chr6:52,090,376-52,235,559
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Cordycepin l Mung bean nuclease

W

l Biotinylation

Deep-sequencing

Properties related to promoter
melting

Kouzine, Wojtowicz, Yamada et

al. in preparation

In vivo detection of Non-B-DNA
structures
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TdT +
Cordycepin l Mung bean nuclease

DO EADAAN

l Biotinylation

Deep-sequencing

Properties related to promoter
melting

Kouzine, Wojtowicz, Yamada et

al. in preparation

In vivo detection of Non-B-DNA
structures



\ Impact of silent mutations

« Codon usage
 MRNA structure

Codon use optimized in evolutions for translation efficiency

Codon use is associated with expression noise
Salari, Zheng, Wojtowicz-manuscript in preparation

Codon use is optimized to reduce translation errors including frame-shifting
Huang, Koonin, Lipman, Przytycka NAR 2007

By altering translation speed can impact the dynamics of protein folding

- Codon dependent speed of translation
-  MRNA structure



Impact of variations in DNA/RNA sequence

_:_.= structure on gene function

Propagation of genetic perturbations through the
molecular system

Uncovering epsitatic interactions
Fih




_._Regulatory role of DNA conformational

changes in DNA structure

collaboration with David Levens (NCI) and Rafael Casellas (NIAMS)
Special acknowledgments:
Damian Wojtowicz (TP), Fedor Kouzine (DL), Arito Yamada (RC)

S~ HD
ARTICLES

stlrucwral &
molecular biology

The dynamic response of upstream DNA to transcription-
generated torsional stress
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Fedor Kouzine, Juhong Liu, Suzanne Sanford, Hye-Jung Chung & David Levens

Z-DNA-forming silencer in the first exon requlates
human ADAM-12 gene expression

Bimal K. Ray, Srijita Dhar, Arvind Shakya, and Alpana Ray’

lishing Group http://www.naturi

i

Department of Veterinary Pathobiology, University of Missouri, Columbia, MO 65211

Edited* by Alexander Rich, Massachusetts Institute of Technology, Cambridge, MA, and approved November 19, 2010 (received for review June 21, 2010)
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IS response to CNV gene specific?

A
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13 1517 1921

chromosomes

Starting from selecting “disease genes” we identified
copy number variations that associate with expression
changes of these genes and putative pathways that
propagate the genetic perturbation from copy number
variation to the disease genes
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independent model y =b, +b1xﬂ +bzx,-g +g,

Epistatic model  ERENoNE oM SRR e N i R

Strain 1

Parental strains

Strain 2
Strain 36

eQTL

Strains



joint genotypes
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Huang et al. submitted
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Build QTL
association

()
2573
= o £
GJ%B
8 cc

o

(l; 0 I; 1) in @ mostly (I, 1, 0) in a mostly
resistant clique sensitive clique

determine
Interacting

candidate interaction locus pairs
ooy Iy 1)y wene

progenies with sensitive phenotype .
progenies with resistant phenotype .




"N
@ cASP1 AR
1
Wille B8 88 IR @
} § } }
W @ @ -G

| v@z 2‘7 ? p(@ps
RHLp

CREBBP ACTB | HIPK3  GRE> POUZF1 G
E

STATSB ‘

{ d

fold chan ﬁ
kmase
causal
BO® o
=P phosphorylation

TF-DNA

protein-
protein

11

A
E.n
TNFAIP1

RAC1




Propagation of the effects of genetic

changes (DrosDel)
collaboration with Brian Oliver group (NIDDK)
Special acknowledgments:
Jon Malone (BO), DongYeon Cho (TP)




one copy genes
WL’[h non-biased expression
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Z-DNA-forming silencer in the first exon regulates
human ADAM-12 gene expression

Bimal K. Ray, Srijita Dhar, Arvind Shakya, and Alpana Ray'
Department of Veterinary Pathobiology, University of Missouri, Columbia, MO 65211

Edited* by Alexander Rich, Massachusetts Institute of Technology, Cambridge, MA, and approved November 19, 2010 (received for review June 21, 2010)
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Form our brain cancer studies:

Correlation between gene expression profiles and copy number variations
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